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Introduction
Polyborate anions may be classified as 'condensed' or 'isolated' with condensed anions being polymeric in structure whereas isolated anions are separated anionic entities [1] . Isolated anions have been observed in the gas phase in MS studies [2] and have also been characterized by XRD studies [3, 4] as crystalline salts with either metal or non-metal counterions. Isolated polyborate anions in aqueous solution are less well characterized, in that dissolution of B(OH)3 in basic aqueous solution results in a set of complex equilibria reactions involving a number of polyborate species which also rapidly undergo solvent exchange reactions [5] . These equilibrated dynamic mixtures have been studied by a variety of experimental techniques including 11 B NMR [6] , potentiometric titrations/temperature jump rate studies [7] , X-ray scattering [8] , and vibrational [9,10] spectroscopy. The equilibrium concentrations of the various polyborates are dependent upon the total boron concentration, pH, and temperature [11] , and as such present a anionic Dynamic
Combinatorial Library (DCL) [12] from which, in the presence of suitable cations, energetically favourable isolated polyborate salts will crystallize. We are interested in preparing non-metal cation polyborate salts, as possible thermal precursors to porous materials [13] , and have instigated this preliminary computational study to determine the relative stabilities of these isolated polyborate anions. Zhou et al. have recently performed a DFT study on a series of isolated polyborate anions in both gas phase and aqueous phase at the B3LYP/aug-cc-pVDZ level [10] . Since isolated polyborate anions are strongly solvated in aqueous solution, and are not solvated in the solid-state, we have chosen a gas phase study (where the isolated anions are truly isolated) to model their intrinsic relative stabilities. In addition, these gas phase calculations will give insight into the bonding and intermolecular interactions within these isolated anions. The anions were modelled with a gas phase DFT study using Gaussian 09 [14] computational software using the B3LYP functional and a 6-311++G(d,p) basis set. During the modelling, particular care was taken when positioning the hydrogen atoms. Each rotamer of each borate was computed, the intermolecular interactions explored, and hence the lowest energy state of the molecule was found. Such interactions include potential hydrogen bonding, hydrogen-hydrogen bonding [15] [16] [17] and oxygen to oxygen partial bonding which has recently been observed [18] . AIM2000 [19, 20] , partnered by metallic and/or non-metal cations, have recently been synthesised and characterised by X-ray diffraction studies [24] [25] [26] [27] [28] . These anions are illustrated in Figure 1 . These isomers are referred to in this manuscript as the as a 'ribbon'
isomer [24] [25] [26] and an 'O + ' isomer [27, 28] . We were interested in investigating their relative energies by a detailed DFT study and the results are reported herein. 
Results and Discussion

Global minima and QTAIM analysis. Zhou and co-workers have investigated
polyborates in the gas phase and in aqueous solution by DFT methods [10] . Their results indicated that the calculations were comparable in relative terms although solvated ions were always more stable than unsolvated gas phase ions. In our preliminary calculations we have examined these polyborate anions also in the gas phase using a higher quality basis set, as a means of further modelling these isolated polyborate anions. The global minimum for all the polyborate species is shown in Figure 2 and their energies are given in the caption. In general There are ten unique ways that the co-planar hydroxyl groups can be arranged around the B2O centre in 3. The global minimum is stabilized by the presence of a 6-membered ring intramolecular H-bond, which is apparent from QTAIM analysis.
Geometry optimisation of diborate(1-) (4) revealed five unique co-planar rotamers. 'ribbon' isomer is more stable than the 'O+' isomer by 10 kJ mol -1 despite the 'O + ' isomer having an additional hydrogen bond (interaction e'). These calculations, which give absolute energies relative to the fundamental building blocks, indicate that formation of the pentaborate(1-) anion (10), is energetically the most favoured in the gas phase, and in general, monoanions are favoured over dianions. The overall energy order is as follows: 10 < 6 < 2 < 11 < 9 < 7, indicating that 10 is more stable than 7. Such an approach however, fails to appreciate the number of B atoms in the polyborate anion since the pentaborate in absolute terms is only marginally more stable than the triborate (and monoborate) which contain fewer B atoms. An average relative energy per B atom, gives a better approximation of relative energies in the gas phase of the polyborates per B unit and the following ordered is obtained: 2 (-200 kJ mol -1 ) < 6 (-72 kJ mol -1 ) < 10 (-46 kJ mol -1 ) < 11 (-25 kJ mol -1 ) < 7 (-21 kJ mol -1 ) < 9 (-18 kJ mol -1 ).
Relative stability of gas phase polyborate anions.
Pure single polyborate salts, containing isolated anions, often crystallise from the DCL of anions present in aqueous solution through self-assembly processes [13] . It should be noted that polyborate ions 2, 6, 7 and 9 are only observed under highly basic conditions in aqueous solution [7] [35] . In agreement with the relatively high stability of 10, non-metal cation pentaborate salts are most readily obtained from aqueous solution at moderate pH.
However, care must be taken with this gas phase computational approach to the isolated anions as it ignores intermolecular H-bond interactions (anion-anion, cation-anion and cation- interactions cannot be overemphasised and a simple analysis of the eight single-crystal X-ray structures presented in reference [13] H-bond interactions to -sites occur less frequently, although the calculated charges on these O atoms are only slightly less negative. Btrig centres, -1.54e) in the anion.
[H2en]2 [11] .
[9].3H2O [26] is also a rare example of a non-metal cation tetraborate salt. The tetraborate(2-) (9) has 9/9 H-bond acceptor sites utilized in this solid-sate structure.
The QTAIM charge distribution for the structurally unique O atom, which bridges two Btet centres, is -1.58e and this charge is similar to charges calculated for bridging O atoms in other polyborate systems. The B atoms carry positive charges of +2.25e and +2.28e (for 3-and 4-coordinate respectively) and hydroxyl O atoms on both 3-and 4-coordinate B atoms are negatively charged at -1.30e. The H atoms are positively charged at +0.52e.
The above study illustrates that it is difficult to consider computational energies of polyborate ions in isolation (gas phase), and further work is on-going in relation to computational studies involving solid-state anion-anion H-bonding interactions in extended polyborate networks.
Conclusions
In summary, this study has investigated the lowest energy gas phase conformations of 
